University of South Florida

Digital Commons @ University of South Florida
Graduate Theses and Dissertations

Graduate School

July 2021

Factors Controlling Longshore Variations of Beach Changes
Induced by Tropical Storm Eta along Pinellas County Beaches,
West-central Florida
Francesca Luisa Toledo Cossu
University of South Florida

Follow this and additional works at: https://digitalcommons.usf.edu/etd
Part of the Geology Commons

Scholar Commons Citation
Toledo Cossu, Francesca Luisa, "Factors Controlling Longshore Variations of Beach Changes Induced by
Tropical Storm Eta along Pinellas County Beaches, West-central Florida" (2021). Graduate Theses and
Dissertations.
https://digitalcommons.usf.edu/etd/9243

This Thesis is brought to you for free and open access by the Graduate School at Digital Commons @ University of
South Florida. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized
administrator of Digital Commons @ University of South Florida. For more information, please contact
scholarcommons@usf.edu.

Factors Controlling Longshore Variations of Beach Changes Induced by
Tropical Storm Eta along Pinellas County Beaches, West-central Florida

by

Francesca Toledo Cossu

A thesis submitted in the partial fulfillment
of the requirements for the degree of
Master of Science in Geology
Department of Geosciences
College of Arts and Sciences
University of South Florida

Major Professor: Ping Wang, Ph.D.
Jun Cheng, Ph.D.
John Bishop, Ph.D.
Date of Approval
July 12, 2021

Keywords: Storm Erosion Index, Nearshore Sediment Transport, Beach Erosion, Coastal
Sustainability
Copyright © 2021, Francesca Toledo Cossu

Dedication

To my loving and supportive parents Manuel and Angela.

Acknowledgements

I wouldn’t have been able to do this without my incredible support system of family and friends,
which I am so grateful for. Thank you, Rachel, for always being there for me. Thank you to
Libby, Gray, Jun, and Jacob for helping collect the data used in this project. Thank you, Libby,
for the moral support and being the best officemate. Thank you, Jun, for answering questions and
your help and guidance with methodology. Thank you to my advisor Dr. Ping Wang, for guiding
me through this process so well. Thank you to Dr. Jun Cheng and Dr. John Bishop for being on
my committee. This material is based upon work supported by the National Science Foundation
under Grant No. 1930451. Any opinions, findings, and conclusions or recommendations
expressed in this material are those of the author and do not necessarily reflect the views of the
National Science Foundation.

Table of Contents
List of Tables ................................................................................................................................... ii
List of Figures.................................................................................................................................iii
Abstract.......................................................................................................................................... vii
Chapter 1: Introduction.................................................................................................................... 1
1.1 Literature Review .......................................................................................................... 2
1.1.1 Storm Formation .......................................................................................... 2
1.1.2 Beach Morphology ...................................................................................... 7
1.1.3 Storm Specific Parameters and their Impact on the Coast .......................... 9
1.1.4 The Sallenger Scale ................................................................................... 10
1.1.5 Storm Erosion Index developed by Miller and Livermont (2008) ............ 12
1.2 Objective of Study ...................................................................................................... 15
Chapter 2: Study Area .................................................................................................................. 16
Chapter 3: Methodology ................................................................................................................ 21
3.1 Beach Surveys ............................................................................................................. 21
3.2 Numerical Wave Modeling ........................................................................................ 23
3.3 The SEI ....................................................................................................................... 24
Chapter 4: Results.......................................................................................................................... 27
4.1 Hydrodynamic Conditions during Tropical Strom Eta ............................................... 27
4.2 Modeled Nearshore Wave Field ................................................................................. 30
4.3 Beach Changes Induced by TS Eta ............................................................................ 37
4.3.1 Post Storm Field Observations .................................................................... 37
4.3.2 Measured Beach Profile Changes ................................................................ 41
4.3.3 Measured Changes in Beach Volume .......................................................... 46
Chapter 5: Discussion ................................................................................................................... 53
5.1 Beach Specific Factors Controlling Storm Impact ...................................................... 53
5.2 Beach Width and Percentage of Beach Volume Loss ................................................ 62
5.3 Reproducing Measured Longshore Variations Using SEI ......................................... 65
Chapter 6: Conclusions ................................................................................................................. 71
References

............................................................................................................................... 73

Appendix I: Selected Beach Profiles ............................................................................................. 79

i

List of Tables

Table 1:

Volume changes throughout study area ...................................................................... 50

ii

List of Figures
Figure 1: The structure of a cyclone. Diagram by Kelvinsong, 2012 CC BY 3.0 ........................ 3
Figure 2: Illustration from Komar (1998) showing wind speed connection to fetch length
and storm duration ......................................................................................................... 5
Figure 3: Typical zones of the beach along Florida’s west central coast...................................... 7
Figure 4: From Sallenger (2000), illustrating parameters used to classify storms on the
Sallenger Impact Scale.. .............................................................................................. 11
Figure 5: Study area Wang et al. (2020), located in NW Florida coastline ................................ 14
Figure 6: Study Area is located in west central Florida. ............................................................. 16
Figure 7: Bathymetry map of study area ..................................................................................... 20
Figure 8: Zones of the beach as they are referred to for the purposes of this study ................... 22
Figure 9: NOAA buoys from which wave height and water level were extracted ..................... 26
Figure 10: Sustained storm surge during TS Eta .......................................................................... 28
Figure 11: Wave conditions during Tropical Storm Eta measured by NOAA NDBC ................. 29
Figure 12: Incident wave direction measured during storm by NOAA wave buoy 42098 at
Egmont channel entrance ............................................................................................ 30
Figure 13: Significant wave height at peak storm conditions ....................................................... 31
Figure 14: Significant wave height at peak storm conditions ....................................................... 32
Figure 15: Significant wave height at peak storm conditions ....................................................... 33
Figure 16: Significant wave height at peak storm conditions ....................................................... 34
Figure 17: The representative 38 locations from which breaking wave height was selected
are marked by black dots ............................................................................................. 35
Figure 18: Breaking wave height values during peak storm conditions plotted to show
spatial variations going from north to south ................................................................ 36

iii

Figure 19: Dune scarping along the dune area .............................................................................. 38
Figure 20: Overtopping of the seawall at southern Sand Key ...................................................... 39
Figure 21: Riprap exposed by scouring in front of seawall in north Sand Key.
This section was not nourished.................................................................................... 39
Figure 22: Scouring in front of seawall at Treasure Island near R109 ......................................... 40
Figure 23: Overwash over low dunes at south Long Key. Localized and mild overwash
regime .......................................................................................................................... 40
Figure 24: Dune scarping and minor property damage at Treasure Island ................................... 41
Figure 25: Profile R68 is shown in this figure to illustrate the erosion and deposition
pattern that occurred along most of the study area as a result of the storm................. 43
Figure 26: Profile R151 shows a wide section of the beach with storm overwash over the
storm berm ................................................................................................................... 44
Figure 27: Profile R75 provides an example of dune scarping, shown within the yellow
box ............................................................................................................................... 44
Figure 28: Beach profile R139 is shown ....................................................................................... 45
Figure 29: Profile FD25 is shown as an example of a beach profile with little post-storm .......... 45
Figure 30: Post Eta sediment volume changes along Sand Key ................................................... 47
Figure 31: Post Eta sediment volume changes along Treasure Island. Profile ID’s are
shown going from north to south................................................................................. 48
Figure 32: Post Eta sediment volume changes along Long Key................................................... 49
Figure 33: Sediment volume change at selected profiles at Mullet Key....................................... 51
Figure 34: Beach profiles R109 (A) and R139 (B) are examples of narrow pre-storm
beach profiles. Profile R132 (A) on Treasure Island and R151 (B) on Long Key ...... 55
Figure 35: Profiles R163 and R140 are used here as examples for beach response in the
case of a narrow beach backed by a dune field ........................................................... 57
Figure 36: Beach profiles R84 (A) and R117 (B) are examples of medium pre-storm
beach backed by dunes ................................................................................................ 59

iv

Figure 37: Profile R132 (A) on Treasure Island and R151 (B) on Long Key .............................. 61
Figure 38: Figure shows statistical analysis performed to determine validity of
relationship between beach width and beach volume loss. ......................................... 64
Figure 39: SEI and measured erosion rates at selected profile location. Location ID axis
shows locations going from north to south.................................................................. 67
Figure 40: R squared values show correlation between calculated SEI values and
measured post-storm sand volume change .................................................................. 68
Figure 41: Sensitivity analysis on variables contributing to SEI .................................................. 70
Figure A1: Pre- and post- storm beach profiles at profile location R61 ...................................... 79
Figure A2: Pre- and post- storm beach profiles at profile location R64 ........................................ 80
Figure A3: Pre- and post- storm beach profiles at profile location R68 ........................................ 81
Figure A4: Pre- and post- storm beach profiles at profile location R75 ........................................ 82
Figure A5: Pre- and post- storm beach profiles at profile location R84 ........................................ 83
Figure A6: Pre- and post- storm beach profiles at profile location R84 ........................................ 84
Figure A7: Pre- and post- storm beach profiles at profile location R90 ........................................ 85
Figure A8: Pre- and post- storm beach profiles at profile location R96 ....................................... 86
Figure A9: Pre- and post- storm beach profiles at profile location R105 ...................................... 87
Figure A10: Pre- and post- storm beach profiles at profile location R109 ................................... 88
Figure A11: Pre- and post- storm beach profiles at profile location R112 ................................... 89
Figure A12: Pre- and post- storm beach profiles at profile location R115 ................................... 90
Figure A13: Pre- and post- storm beach profiles at profile location R117 ................................... 91
Figure A14: Pre- and post- storm beach profiles at profile location R118 ................................... 92
Figure A15: Pre- and post- storm beach profiles at profile location R119 ................................... 93
Figure A16: Pre- and post- storm beach profiles at profile location R120 ................................... 94
Figure A17: Pre- and post- storm beach profiles at profile location R121 ................................... 95

v

Figure A18: Pre- and post- storm beach profiles at profile location R122 ................................... 96
Figure A19: Pre- and post- storm beach profiles at profile location R131 ................................... 97
Figure A20: Pre- and post- storm beach profiles at profile location R132 ................................... 98
Figure A21: Pre- and post- storm beach profiles at profile location R133 ................................... 99
Figure A22: Pre- and post- storm beach profiles at profile location R139 ................................. 100
Figure A23: Pre- and post- storm beach profiles at profile location R140 ................................. 101
Figure A24: Pre- and post- storm beach profiles at profile location R141 ................................. 102
Figure A25: Pre- and post- storm beach profiles at profile location R142 ................................. 103
Figure A26: Pre- and post- storm beach profiles at profile location R148 ................................. 104
Figure A27: Pre- and post- storm beach profiles at profile location R151 ................................. 105
Figure A28: Pre- and post- storm beach profiles at profile location R155 ................................. 106
Figure A29: Pre- and post- storm beach profiles at profile location R157 ................................. 107
Figure A30: Pre- and post- storm beach profiles at profile location R160 ................................. 108
Figure A31: Pre- and post- storm beach profiles at profile location R163 ................................. 109
Figure A32: Pre- and post- storm beach profiles at profile location FD7 ................................... 110
Figure A33: Pre- and post- storm beach profiles at profile location FD10 ................................. 111
Figure A34: Pre- and post- storm beach profiles at profile location FD15 ................................. 112
Figure A35: Pre- and post- storm beach profiles at profile location FD16 ................................. 113
Figure A36: Pre- and post- storm beach profiles at profile location FD21 ................................. 114
Figure A37: Pre- and post- storm beach profiles at profile location FD23 ................................. 115
Figure A38: Pre- and post- storm beach profiles at profile location FD25 ................................. 116
Figure A39: Pre- and post- storm beach profiles at profile location FD27 ................................. 117
Figure A40: Pre- and post- storm beach profiles at profile location FD28 ................................. 118

vi

Abstract
Tropical Storm Eta impacted the coast of west-central Florida from November 11 to 12, 2020,
and generated high waves over elevated water levels for over 20 hours. A total of 148 beach and
nearshore profiles, spaced about 300 m apart, were surveyed one to two weeks before and one to
eight days after the storm to examine the beach changes along four barrier islands, including
Sand Key, Treasure Island, Long Key and Mullet Key. Storm waves superimposed on elevated
water levels reached the toe of dunes, causing modest dune erosion as well as overwash in some
areas. Most of the sand eroded by the storm from the dune area, the dry beach, and the nearshore,
can be accounted for by sand accumulation on the nearshore sand bar, particularly the seaward
slope of the sand bar. Based on the Sallenger (2000) storm impact scale, the impact of Tropical
Storm Eta was mostly of Swash Regime, with Collision Regime and Overwash Regime
occurring in some areas. The numerical model CMS-WAVE was used to simulate nearshore
wave field with the purpose of identifying longshore variations in nearshore wave height and
angle during the storm. Sand volume loss throughout the study area demonstrates an overall
southward decreasing trend, mainly due to a southward decrease in wave height. The Storm
Erosion Index (SEI), developed by Miller and Livermont (2008) is applied in this study to
explore its applicability in predicting erosion potential from the storm impact. Through
sensitivity analysis, breaking wave height was found to be the major contributor to storm
induced beach erosion and SEI values, followed by temporal variation of water level, and spatial
variation of berm elevation. The longshore variations in erosion rates were captured reasonably
well by the SEI using the modeled nearshore wave conditions. Accurately capturing nearshore
wave-height variation using a numerical model plays a major role in reproducing the measured
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longshore variation in beach erosion. Although wider beaches tended to experience more volume
loss from the TS Eta due to the availability of sediment, they were effective in protecting the
back beach and dune area from erosion. On the other hand, smaller profile-volume loss from
narrow beach did not necessarily relate to less dune/structure damage. The opposite is often true.
Accurate evaluation of storm’s severity in terms of erosion potential would benefit beach
management especially under the circumstance of increasing storm activities due to climate
change.

viii

Chapter 1: Introduction
With increasing storm intensity and frequency due to climate change, coastal areas
become more vulnerable (Bjarnadottir et al., 2011). Thus, understanding factors controlling
storm impact to coasts is becoming increasingly urgent. The combination of sea level rise and
increased frequency of storm events as a result of climate change poses a grave danger to human
life and property (Hanley et al., 2014). Coastal areas have become increasingly urbanized in the
last century, heightening their vulnerability to storm related damage and flooding (Crossett et al.,
2004; Neumann, et al, 2015). Simultaneous to the proliferation of anthropogenic coastal
development, studies suggest storms are increasing in intensity, augmenting their capacity for
destruction (Emanuel, 2005). These occurrences coupled together emphasize the need for
understanding factors and controls on storm impact on coastlines. Sandy beaches are popular and
essential coastal features. In addition to their being popular tourist attractions, they also provide
protection from storm impact to infrastructure landward of them by acting as buffers.
Generally, there are two main sets of factors which determine how a beach will be
affected by a storm: the storm as a driving mechanism and the beach as the responding
environment. There are several storm parameter variables that can affect how much impact a
storm is capable of having. The second set of factors pertains to variations specific to the beach
itself, these will determine to what degree the storm is able to have impact. In this study, we
explore these two main factors associated with alongshore variations of beach changes induced
by Tropical Storm Eta on Pinellas County Beaches. The effects of Tropical Storm Eta on Pinellas
County Beaches were analyzed with the purpose of better understanding storm and beach factors
controlling longshore variations in storm impact. To achieve this, various data and tools were
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used, including measured pre- and post-storm beach profiles, numerical wave modeling,
measured post-storm sand volume changes, and the Storm Erosion Index (SEI) (Miller and
Livermont, 2008).

1.1 Literature Review
1.1.1 Storm Formation
Generally, a tropical storm is a cyclone system rotating around atmospheric low-pressure
air. For a tropical storm to form, sea surface temperatures need to be a minimum of 26.5 degrees
C. This limits the latitude at which a storm can form, ranging from 5 to 30 degrees N and S of
the equator (Nelson, 2014). The warm water heats the air above it, which rises, causing a low
atmospheric pressure. Low or high air pressure refers to the weight of the molecules in the air.
High pressure will cause air to travel downward and fan out due to being heavier, and lowpressure will move air upwards due to being lighter. The low-pressure system forming above the
warm water is composed of humid, warm air, which cools and condenses as it rises, forming
clouds and rain. The air surrounding this low-pressure system will continuously move into it to
fill in the space left by the rising warm air, creating a system which builds in strength as it keeps
encountering warm waters, illustrated in Figure 1. As the air moving toward the low-pressure
center, it will start to spin due to the Coriolis force. The Coriolis force is created by the spinning
of the Earth and causes storms to rotate counterclockwise in the northern hemisphere and
clockwise in the southern.
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Figure 1. The structure of a cyclone. Diagram by Kelvinsong, 2012 CC BY 3.0
The Saffir-Simpson classification is the most common scale used to categorize hurricane
intensity. This scale rates the hurricane in intensity from 1-5 based on sustained maximum wind
speed (National Weather Center NOAA). The slowest sustained wind speed necessary for a
storm to be classified as a Category 1 hurricane is 119km/hr. Category 3-5 hurricanes are
considered major hurricanes by the National Hurricane Center, during which devastating to
catastrophic damage might occur. Tropical storms, such as Eta, are the precursor in intensity to a
Category 1 hurricane, defined as having maximum sustained wind speeds ranging from 63-118
km/hr. Tropical depressions are less intense than tropical storms, defined by sustained wind
speed ranging from 51-62km/hr. The Saffir-Simpson scale only uses sustained wind speed to
classify storms by intensity, leaving out other crucial storm parameters which influence its
capacity to cause damage along the coast. Other factors such as storm waves and storm surge can
be deadly, causing flooding and erosion.
The Miles-Phillips theory is generally used to compute wave generation by wind (Komar,
1998). There are two main mechanisms causing wind energy to convert to wave energy. The first
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mechanism is a linear growth process which generates what are known as capillary waves.
Irregularities or turbulent eddies present in the wind blowing over a calm water surface will
create air pressure changes which will produce small sinusoidal waves. Once these small surface
waves are present, the friction associated with the rough surface will allow for wind to ‘grip’ the
water and cause higher waves through a process known as sheltering theory (Jeffreys, 1925).
Under the sheltering mechanism, air pressure becomes stronger over the troughs of the waves
and weaker over the crests, pushing the wave to grow. Energy is transferred between waves of
different periods, with small period waves, or ripples, being swept up by longer period waves,
adding to the larger waves’ energy. This explanation for accumulation of wave energy and
period was developed by Longuet-Higgins (1969).
From a more general perspective, there are three factors which determine energy levels in
waves. These are: wind velocity, fetch, and wind duration (Figure 2). The stronger the wind
blowing, the more force will act on the water to create waves. Fetch refers to the distance over
which the wind is blowing. The farther the wind blows, i.e., the longer the fetch, the higher the
waves will be created throughout the fetch distance. Wind duration is also important. The longer
the duration of wind action, the higher waves are generated until a maximum wave height is
generated (Komar, 1998).
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Figure 2. Illustration from Komar (1998) showing wind speed connection to fetch length and
storm duration.

As waves reach shore, they will be affected by the shape of the coast. As waves
encounter parts of the shoreline with shallower depths they slow down. This causes refraction as
energy is concentrated towards shallower areas (Hughes, 2016). Wave diffraction occurs when a
wave enters the deeper shadow zone behind an obstruction where refraction was occurring.
Through these processes, waves tend to focus their energy on headlands (Hughes, 2016).
Storm surge refers to elevated water levels driven towards the coast by a storm. Surge is
directly related to wind speed as a main driver; however, it is dependent on several other
intertwining factors (National Hurricane Center, https://www.nhc.noaa.gov/surge/#TIDE). These
factors influencing storm surge can be divided into three main categories, storm specific,
offshore morphology, and nearshore morphology. The storm specific factors influencing storm
surge are central pressure, wind speed, storm size, forward speed of the storm, and angle of
approach to the coast. Surge is affected by the central pressure of a storm, as the low pressure in
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the storms eye will cause some water in this area to rise, however this is typically a small
contribution to surge. The sustained wind speed of a storm, which determines its intensity,
directly affects surge. The stronger the on-shore directed wind, the higher the surge may be. The
size of the storm affects surge in two aspects: the larger a storm is, the larger the area over which
surge is formed; also, a large storm will usually affect an area for a longer duration. The forward
speed of the storm is the speed at which the storm system is moving across the ocean or land.
The faster the storm, less time the storm has to generate surge, usually creating less surge. The
angle at which the storm approaches the coast will impact incident wind direction and surge
generation. In general, if the storm is travelling perpendicular to the shoreline, surge will be
higher than if the storm is traveling parallel or at a diagonal angle towards shore.
The offshore morphology factors controlling the storm surge are the shape of the
coastline, and the slope of the ocean bottom. The shape of the coastline will affect surge height.
For example, if the surge is entering a funnel-shaped bay, it may cause water to pile higher. A
coastline curving inward will therefore more likely to have a higher storm surge than a coastline
curving outward.
The slope of the coastal ocean bottom also plays a significant role in controlling the
intensity of storm surge. A gentle and wide slope will allow higher surge to develop than a
steep narrow slope. This is because the bottom friction associated with a gentle slope and a wide
continental shelf would be able to “hold” a high storm surge. Finally, coastal features will also
have an influence on storm surge intensity. Features such as barrier islands, inlets, sand bars,
embayments, and rivers will affect coastal bathymetry and shape, impacting surge height
(National Hurricane Center, nhc.noaa.gov/surge/surge_intro.pdf).
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1.1.2 Beach Morphology
Generally, a sandy beach is composed of several zones (Figure 3). The succession of
morphological features landward-to seaward for a typical beach along west-central Florida coast
is illustrated in Figure 3. The terms describing each zone are used in this thesis. The dune area is
a highly three-dimensional feature, and mostly composed of well-sorted fine sand. The dry beach
is located landward of the dune area and above the mean higher high-water level. The foreshore,
with planar bedding, usually experiences a seaward dipping plane slope. In the nearshore and
subtidal region, a sand bar may exist. Here the zonation, terminology, and general dynamics of
each zone are introduced.

Figure 3. Typical zones of the beach along Florida’s west central coast.
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The dune area is at a higher elevation than the adjacent beach, which is why wave energy
does not usually affect this area under normal weather conditions. Under normal weather
conditions, sediment in the dune area is transported by wind. Dunes can be affected by storms,
during which elevated water levels may enable storm waves to reach this elevation. The dune
area is generally covered by vegetation, which counteracts erosion to a certain extent. Seaward of
the dune area is the dry beach (Figure 3). The dry beach can be of varying widths. It is not
typically affected by wave action, unless there is elevated water due to a storm. This area of the
beach is of the most aesthetic and economic value as it is used for recreation and tourism. There
might be a storm berm on this portion of the dry beach, which represents the morphology
produced by previous storms.
In the transition zone between land and ocean, we have the foreshore (Figure 3). The
foreshore has a slope of varying steepness and is an intertidal zone. This is where the final
breaking wave occurs, causing it to be a highly dynamic zone with quantities of sediment eroded
and accreted by waves and tides under normal weather conditions. Once in the water, there is a
change in depth which marks the through, preceding the shallow nearshore sand bar (Figure 3).
The sand bar is mobile and can be moved by storms or slowly migrate over regular conditions
(Cheng and Wang, 2018). The sand bar is also referred to as the breaking point bar as it often
induces wave breaking. This type of beach profile tends to evolve throughout the year, with sand
eroded from the dry beach or foreshore deposited to form a nearshore bar during storms, later to
be deposited back on the beach during storm recovery. The formation of natural sandbar plays an
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important role in dissipating incoming wave energy to reduce the wave energy that come close to
the shoreline (Komar, 1998).

1.1.3 Storm Specific Parameters and their Impacts on Coast
The extent to which a beach is impacted by a storm depends on two categories of factors:
storm specific factors and beach specific factors (Lemke and Miller, 2020). Storm specific
factors include the storms center pressure and wind speed, the size and movement speed of the
entire system, and the storm track. These general factors determine storm specific parameters
that influence the coast such as wave height, surge height, the aerial extent of storm impact, and
its duration. These are the driving factors causing storm impact on a beach.
Storms can generate waves that are several times higher than the average condition. In
addition, storm waves are often superimposed over storm surge. This combination is often
particularly destructive, as elevated water levels will allow the high storm waves reach subaerial
parts of the beach, and energic wave action will cause erosion and wreckage of property. The
larger a storm is, the greater its potential for impact upon a large area. A slow-moving storm
might erode more sand or create more property damage than a faster moving one, as it lasts
longer.
The position of the shoreline relative to the incoming storm is highly relevant to storm
impact. Since a storm rotates counterclockwise in the Northern hemisphere, it will either create
onshore forcing or offshore forcing depending on whether it is approaching land on its right or
left. When the land is located on right side of the approaching storm, the wind is blowing
onshore, generating high waves and surge. If land is on the left side of an approaching storm, the
wind is blowing in the offshore direction, inducing a depressed water level. This is a crucial

9

factor in determining how and what part of a beach will be eroded by a storm. For instance, due
to the special track of hurricane Irma in 2017, the west coast of Florida experienced considerable
negative surge as it is located on the left side of the hurricane track (Cheng and Wang, 2019). On
the other hand, severe positive surge was measured along the east coast of Florida, as it is located
on the right side of its track (Bacopoulos, 2018).

1.1.4 The Sallenger Scale
Developed by Sallenger (2000), the Sallenger Impact Scale is used to determine storm
impact on a beach depending on elevation of runup and dune height. As shown in Figure 4
(Sallenger. 2000), wave runup (RLOW and RHIGH) and dune (DLOW and DHIGH) elevations are
determining factors in the degree of storm impact on the beach (Figure 4). The Impact Level is
determined based on the ratio of highest runup height and the dune height in relation to the ratio
of lowest runup height over dune height. The resulting value from these calculations places the
Storm Impact Scale in either Swash Regime, Collision Regime, Overwash Regime, or
Inundation Regime, in order of impact intensity. The idea behind this classification is to use low
and high runup levels in relation to the toe and crest of the dune to determine how far landward
water level and storm wave will be able to impact. This scale provides a qualitative classification
of storm damage.
Swash regime occurs when RHIGH is lower than DLOW (Figure 4). In this case, the highest
runup water level reaches just below the toe of the dune at most, impacting the foreshore and dry
beach (Sallenger, 2000). The sand is usually eroded from the beach and transported offshore.
Collision regime occurs when RHIGH is between DLOW and DHIGH. When runup reaches this level,
it will impact and erode the dune. The sediment is typically carried offshore. Overwash regime
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occurs when RHIGH surpasses DHIGH. This will allow for overwash to occur, with water
potentially carrying sediment and debris and depositing it over the dune, potentially eroding the
dune in the process (Sallenger, 2000). Inundation regime occurs when RHIGH surpasses the
highest elevation level of the barrier island, submerging the island.

Figure 4. From Sallenger (2000), illustrating parameters used to classify storms on the
Sallenger Impact Scale.

The Sallenger Impact Scale (2000) was used to classify the impacts of Hurricane Ivan by
Claudino-Sales et al. (2010). Hurricane Ivan impacted Santa Rosa Island, Florida during
September 2004. Claudino-Sales et al. (2010) focused on understanding beach and storm
parameters that affecting the hurricane’s impact on the study area by using LIDAR surveys to
measure sediment volume change. Hurricane Ivan impacted Florida’s northern west coast. A
large and slow-moving hurricane, Ivan provided a full day of very high waves superimposed on
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elevated water level. The barrier island studied was severely impacted, with all four impact
scales occurring along the northwest Florida coast.
Claudino-Sales et al. (2010) found that the destruction and survival of dunes was not only
attributed to their height, but also to several other beach and storm factors. Some of these factors
impacting the chances of dune survival, include: barrier island width, distance from storm
landfall, width of the dune field, and presence of vegetation (Claudino-Sales et al., 2010).

1.1.5 Storm Erosion Index developed by Miller and Livermont (2008)
With the purpose of creating a more comprehensive way to predict storm damage from
frequent winter storms, as well as tropical storms, on the New Jersey coast, the Storm Erosion
Index (SEI) was developed by Miller and Livermont in 2008. There were other storm indices
available at the time, based on single storm parameters, such as the previously mentioned Saffir
Simpson scale. Others were based on single parameters such as: wind speed (Dean, 1999), wind
energy (Allen, 1981), or storm tide (Zhang, 2001). Taking only one parameter into account at a
time, all of these methods are limited in their application for predicting and classifying storm
impact. The SEI takes into account several storm and beach parameters, including have height,
water level, and berm elevation (Miller and Livermont, 2008). SEI has been applied in various
locations, including New Jersey (Lemke and Miller 2020), Gulf of Mexico and Atlantic coast of
Florida (Wehof et al. 2014), and Spain (Vilatoro et al. 2014). It was developed with the goal of
linking beach-volume loss (or shoreline retreat) to SEI at a spatial scale of tens of kilometers.
Our study attempts to refine this scale to several hundreds of meters to several km. The detailed
application of the SEI is discussed in the Method section.
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In the following, two studies are discussed which used a variety of methods to assess the
impact of Hurricane Michael on NW Florida coastline on October 10, 2018. The impact of this
category 5 hurricane was studied by Wang et al. (2020) by using pre- and post-storm sediment
cores and pre- and post-storm profiles extracted from LIDAR database, as well as by Janssen et
al. (2019), who applied SEI to predict storm impact.
This provided an opportunity to study hurricane impact on a morphologically diverse
coastline with degrees of human development (Figure 5). The hurricane’s impact was studied at
various sites near the Mexico Beach community by Wang et al. (2020), by using pre- and poststorm sediment cores and pre- and post-storm profiles extracted from LIDAR database.
Numerical wave model CMS-Wave was used to simulate nearshore wave conditions during the
storm.
Hurricane Michael had a maximum wind speed of 249 km/h when making landfall just
west of Mexico Beach. Water levels remained elevated over 2 m for about 3 hours, with peak
surge reaching up to 4.5 m above spring high tide. Nearshore wave height was found to be
highest at St. Joseph Island and St. George Island, as shown by the numerical model. Bathymetry
controls on nearshore wave height were apparent. Even though Mexico Beach is closest to the
landfall site, it was not impacted by the highest waves due to sheltering from the Apalachicola
headland, as well as the shallow water seaward of this site. Mexico Beach did however suffer the
highest storm surge and wind speeds. St. Joseph Island experienced high waves due to wave
shoaling caused by the shallow waters in this area. The locations with the highest waves
coincided with areas of storm breaching.
The pristine and developed areas of the coast had different responses to the storm. The
pristine part of the study area is home to rather extensive dune systems with multiple beach-dune
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ridges, and wide beach and foredune areas in front of them (Wang et al., 2020). Areas of wide
pre-storm beach were helpful in preventing dune damage. Areas of the coast with narrow prestorm beach suffered more dune damage. The highly developed area at Mexico Beach suffered
almost 100% destruction of all infrastructure. The pre-storm dunes in this area were narrower
and lower than in the pristine area and were completely eroded by the hurricane. In areas where
breaching occurred, some large dune and ridge system were completely eroded. Breaching was
not found to be dependent on dune height, but on pre-storm island width, focused wave energy,
and closed inlets (Wang et al., 2020).

Figure 5. Study area Wang et al. (2020), located in NW Florida coastline.

Janssen et al. (2019) also studied the effects of Hurricane Michael in the same area, with
the purpose of assessing the effectiveness of SEI to predict storm impact. They found the highest
SEI values at St. Vincent Island and St. George Island. St Vincent Island did not experience
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significant erosion. The differing results of this study and Wang et al. (2020), might be due to the
differences in wave height resolution used in the studies. Wang et al. (2020) were able to
produce high resolution nearshore wave height values by running numerical CMS-Wave model,
while Janssen et al. (2019) used offshore wave height.

1.2 Objective of this Study
The broad purpose of this study is to contribute to the understanding of beach and storm
interactions so that storm impact can be more accurately predicted and mitigated. This study
aims to quantify the effects of Tropical Storm Eta on Pinellas County beaches, with a focus on
investigating factors affecting longshore variations in storm response. To this end, beach
response was quantified using pre-storm and post-storm beach profiles, as well as with field
observations. This data, in addition to numerical wave modeling and application of the Storm
Erosion Index (SEI) (Miller and Livermont, 2008), were used to explore factors affecting
longshore variations in storm response.
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Chapter 2: Study Area

Pinellas County, located in west central Florida facing Gulf of Mexico, is part of an
extensive barrier island chain (Hine et al., 2003). This study focuses on the following four barrier
islands: Sand Key, Treasure Island, Long Key, and Mullet Key, as shown in Figure 6. These
islands are separated by Blind Pass, Johns Pass, and Pass-A-Grille tidal inlets (Roberts and
Wang, 2012).

Figure 6. Study Area is located in west central Florida. Pinellas County coast is made of
extensive barrier island system. An aerial view of Sand Key, Treasure Island, Long Key, and
Mullet Key is shown. Map from Google Earth.
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These barrier islands provide the opportunity to study beach response under various
conditions, such as with wave- and tide-dominated morphologies, erosional hot spots and
accretionary areas, natural pristine beaches, and highly developed coastlines (Hine et al., 2003).
Florida’s central west coast has low energy waves with 0.3 m nearshore significant wave height
(Roberts and Wang, 2012). This area has a microtidal regime, with diurnal spring tides ranging 1
m and semi-diurnal neap tides ranging 0.4 m (Cheng et al, 2016).
Waves in the study area are usually sea type generated by local winds. Higher waves are
often associated with the passages of cold fronts every couple of weeks during the winter and
occasional passages of tropical storms in the summer. The summer season is characteristic of
typically small waves, except for during rare passages of tropical storms. Prior to TS Eta, the last
two proximal passages of tropical storms included Hurricane Hermine in September 2016, and
Hurricane Irma in September 2017 (Cheng and Wang 2019). Hurricanes and extra tropical winter
storms affect this coast infrequently. However, they have a high impact in the area due to the
overall low energy conditions (Gibeaut and Davis, 1993). Sediment tends to be transported
southward, driven by frequent passages of cold fronts during the winter (Wang et al., 2011).
As a way to mitigate the chronic erosion along this coast, beach nourishment projects
have been conducted at the beaches along these barrier islands over the past 30 years and have
been mostly successful (Davis et al 2000; Elko and Wang 2007; Roberts and Wang 2012).
Influenced by nourishment, as well as site-specific erosional and accretionary trends, the dry
beach varies in width throughout the study area. A vegetated dune area is typically present along
most sections of the coast. A sand bar is often present in the nearshore area. Swells caused by
distal storms sometimes push the bars onshore during the summer, while winter storms tend to
cause sandbar to migrate seaward (Cheng and Wang, 2018). The northern three barrier islands
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(Figure 6) are highly developed and densely populated. In contrast, Mullet Key, located at the
southern end of the study area, is a County Park and has relatively little human alterations,
although two beach nourishment projects were conducted at the southern end, one in 1973 and
one in 2006 (Sandoval 2015; Westfall 2018).
Sand Key is the island located furthest north within the study area. It is bound by
Clearwater Pass to the north and John’s Pass to the south. There is a prominent and broad
protruding headland at Sand Key which causes a change in shoreline orientation of 65 degrees
from northwest to southwest facing (Roberts and Wang, 2012). Sand Key is the longest island
studied with a length of approximately 23 km. Each barrier island has designated shoreperpendicular lines, marked by the R monuments as established by the Florida Department of
Environmental Protection (FDEP), along which beach profiles are taken. Here, the lines are
introduced for the purpose of describing each barrier island studied. Lines are approximately 300
m apart along the shoreline. Sand Key encompasses lines R55 toR124 from north to south. There
is an aggressive erosional hotspot between lines R58A-R66, this area was last nourished in 2018
(Cheng 2020 report). The previously mentioned broad headland is situated at R84-R87.
Treasure Island is about 5km long, encompassing lines are JP1- R143, from north to
south. Vegetated dunes are found throughout the whole island. The beach is the widest along the
northern half (R128-136), with beach width reaching over 200m at R130-134. The southern
section of this island has a narrower beach, due to an erosional hotspot in this area (Cheng and
Wang, 2020). Treasure Island is bound by John’s Pass to the north and Blind Pass to the south.
Blind pass is a stabilized migratory inlet. These inlets contribute to the bathymetry variations of
the area, affecting the wave height along the shoreline.
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Long Key is slightly over 6km long, beach profiles here are LK1-LK6 and R148-R165,
from north to south. There is a vegetated dune field along most of the island. Four T-groins were
built along profiles LK1-LK5 to mitigate aggressive beach erosion at the northern end of the
island. Frequent beach nourishment projects are also conducted along this stretch of shoreline.
The middle part of Long Key has relatively stable beach benefiting from southward longshore
sand transport. The southern end of the island has a narrow beach.
Mullet Key is part of the Ft De Soto county park. It is the barrier island furthest to the south
in the study area. Mullet Key is a hook-shaped barrier island situated just to the north of the mouths
of Tampa Bay with one side facing the Gulf of Mexico and the other side facing the Tampa Bay
main channel (Figure 6). As Mullet Key is directly landward of the large Tampa Bay ebb tidal
delta, the slope of offshore region is considerably gentler than those of barrier islands to the north.
Along the four studied barrier islands, offshore sand ridges, ebb-tidal deltas, and ancient
ebb-tidal deltas from closed inlets introduce bathymetry variations of the inner continental shelf
(Figure 7). The configuration of the shoreline, particularly the presence of the broad headland, and
the offshore bathymetry can cause a significant longshore variation of incident wave height and
angle (Cheng and Wang 2018; Wang et al. 2020).
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Figure 7. Bathymetry map of study area. The location of several beach profiles along the coast is
marked.
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Chapter 3: Methodology

To quantify the effects and longshore variations of Tropical Storm Eta along Pinellas
County beaches, a combination of field work, numerical modeling, and data analysis was used.
Beach profiles were taken before and after the storm. These were used to calculate sediment loss
and gain along different sections of the beach, and to compare beach response at different
profiles. Numerical wave modeling was used to simulate nearshore wave field during the storm
throughout the study area. Finally, the SEI was used to calculate the erosional potential which
were then compared to the measured spatial trend. the data collection and analysis methods and
the numerical wave modeling are described in the following.

3.1 Beach Surveys
Field surveys were conducted one to two weeks (October 23-November 8) before the
storm and one to eight days after (November 13-November 20). A total of 148 beach profiles
were surveyed along the coast, spaced approximately 300 m apart in the longshore direction at
the R-monuments established by the State of Florida. The survey lines roughly extended across
shore to the short-term closure depth, approximately at -3m NAVD88 in this area (Wang and
Davis, 1999). Beach profiles were measured at each monument using a Topcon total station
following the level-and-transit survey principles (Cheng et al., 2016). Once the data was
collected, profiles were viewed and analyzed using the Regional Morphology Analysis Package
(RMAP) and Excel. RMAP was developed by the US Army Corps of Engineers. RMAP was
used to calculate volume changes at different zones of the beach. In order to capture detailed
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beach changes, the profile was divided into four zones as follows, illustrated in Figure 8. The
dune line is defined at 1.3 m NAVD 88, the part of the beach above this elevation is defined as
dune area (Cheng, 2020). Typically, we find vegetation growing on dunes in this area. NAVD 88
zero is roughly 0.08 m above mean sea level in this area. Going seaward, the dry beach zone
extends from 1.3 m to 0.3 m NAVD88. The contour line at 0.3 m marks the high tide, or high
water level. The dune-beach-nearshore is where most of the storm erosion occurred. Most of the
profiles cross at a point offshore, where the sand gain typically occurs (Figure 8).

Figure 8. Zones of the beach as they are referred to for the purposes of this study. These zones
are divided based on elevation contours. The dune field is defined as above 1.3 m NAVD 88, the
dry beach zone takes place between 1.3 m and 0.3 m NAVD 88, the high-water level is defined at
0.3 m NAVD 88.
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3.2 Numerical Wave Modeling
To better understand controls on longshore variations in erosion and deposition caused by
TS Eta, nearshore wave height during the storm was simulated using numerical model CMSWAVE (Lin et al. 2011). The model has been calibrated for its application in past studies in this
study area (Wang and Beck, 2012). A grid of 10 m x10m was used in the model, providing high
spatial resolution to allow accurate identification of breaking wave height. The accuracy of wave
modeling is strongly controlled by the bathymetry. Bathymetry data of ebb tidal deltas and seaward
of the short-term closure depth to approximately 1 km from the shoreline was collected using a
ship-mount single-beam echo sounder synchronized with an RTK-GPS. Landward of the shortterm closure depth, surveyed beach profiles were used to represent bathymetry in the area. The
offshore bathymetry was obtained from the NOAA Coastal Relief Model.
Wave data collected by the National Data Buoy Center (https://www.ndbc.noaa.gov/)
gauge at station 42098 (Figure 9) was used as input into the model for offshore boundary wave
conditions. The wave heights computed by CMS-WAVE were extracted at 38 selected beachprofile locations at seaward slope of the nearshore sandbar to represent the breaking wave height
(Hb). SEI, the methodology of which is discussed in the following section, is a strong function of
wave height, therefore, in order to accurately assess the erosion potential of a storm, longshore
wave-height variations should be captured with adequate spatial resolution.
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3.3 The SEI
With the purpose of better understanding storm and beach factors relevant to storm
impact, Sediment Erosion Index (SEI) (Miller and Livermont, 2008) was applied in this study.
This method for determining a storms potential for erosion has been applied to various previous
studies, it is the intention of this study to compare its applicability on a smaller scale. Out of the
148 beach profiles measured along the coast, 38 were selected for applying SEI. The following
calculations, developed by Miller and Livermont (2008), were applied in this study with the
purpose of comparing resulting values to measured erosion along the beach caused by Eta.
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In equations (1) and (2), '∗ is the width b of the active surf zone, ti is storm duration, 20 is
breaking wave height, S is water level, and B is berm height (Lemke and Miller, 2020). In
equation (3) as derived from the Dean (1991) equilibrium beach profile, hb is water depth at
breakpoint and A is a sediment scale parameter specific to the study area. The width of the active
surf zone ('∗ ), was calculated using Equation (3), based on water depth at breakpoint (hb),
which is calculated as Hb=0.8hb. The sediment scale parameter (A) used in Equation (3), is 0.15
m 1/3 for this study area (Wang and Davis, 1999). Berm height (B) values were extracted from
measured pre-storm beach profiles. Water level (S) values were obtained from Clearwater Beach
Tide Gauge (Figure 9). Breaking height values (Hb) extracted from the numerical CMS-Wave
model were used in these calculations. The duration of the storm was accounted for by summing
the IEI over the period when the storm wave criterion was met. It is assumed here that the level
of storm surge did not change significantly over 40 km.
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Lemke and Miller (2020) suggest certain statistical wave height and water level values to
define the duration of a storm. To determine the duration of Tropical Storm Eta in the study area,
the 95th percentile of significant wave heights and the 99.9th percentile of water level in the study
area were calculated. Both parameters can be used to determine storm duration. During the passing
of Eta, significant wave height higher than the 95th percentile lasted 20 hours, while water level
above the 99.9th percentile lasted 6.5 hours (Cheng et al., 2021). Due to the wider temporal range
provided by significant wave height compared to water level, duration of wave height above 95th
percentile was chosen to determine storm duration. The 95th percentile of significant wave height
is 2m, meaning that for 20 hours significant wave height was above 2m. The 99.9th percentile of
water level is equal to 0.87m in the study area (Cheng et al., 2021).
The extensive wave height and water level data needed to calculate the above statistical
values was extracted from the WAVEWATCH III model at the same location as the NDBC wave
gauge 42098 for a 14-year period from 2005 to 2019. It is worth noting that the nearshore storm
wave height as computed by the CMS-WAVE model is considerably lower than 2 m at the offshore
boundary of the wave model, which was defined as the location of the NOAA wave Station 42098
(Figure 9).
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Figure 9. NOAA buoys from which wave height and water level were extracted. Tide data was
obtained from the Clearwater Beach Tide Gauge, north of the study area. Wave height data was
obtained from Station 42098 at the Egmont Channel Entrance, south of the study area.
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Chapter 4: Results
This chapter presents the results of this study. Section 4.1 discusses the hydrodynamic
conditions during Tropical Storm Eta. Wave and tide conditions measured by the NOAA stations
during the storm are detailed. Section 4.2 discusses the results of wave modeling, with an
emphasis on longshore variations in wave heights. Section 4.3 discusses beach changes induced
by Tropical Storm Eta. Post-storm field observations are presented first, followed by
quantification of beach changes via comparing pre- and post-storm beach profiles.

4.1 Hydrodynamic Conditions during Tropical Storm Eta
Storm surge levels induced by Tropical Storm Eta were measured at NOAA Clearwater
Beach Tide Station, which is roughly 2 km north of the north boundary of the study area.
Elevated water levels during peak storm conditions were registered at slightly over 1 m above
mean sea level for approximately 4 hours (Figure 10). Figure 10 shows predicted water level
(shown by the blue line) and measured water level during the storm (shown by the red line).
Substantial storm surge, i.e., the difference between the predicted and measured water levels,
occurred during neap tides and lasted for nearly 30 hours or nearly 3 tidal cycles. Water levels
rose about 0.4 m over predicted levels as the storm approached, and reached maximum levels at
peak storm conditions, at 22 h into storm activity. The maximum water level reached was about
1.3 m at peak storm conditions, almost a meter over predicted water level (Figure 10). After 22
h, water level conditions started to return closer to normal, at about 0.2 m above predicted
conditions. The maximum storm water level was influenced by low neap tides.
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Offshore storm wave heights during Eta were measured by NOAA NDBC Station 42098
which is offshore of the southern boundary of the study area. Shown in Figure 11A, wave heights
rose as the storm approached the area, reaching highest values of slightly over 4 m during peak
storm conditions. Waves measuring over 2.5 m high lasted for almost 20 hours. As the storm left
the study area, wave height decreased more slowly than it had increased when the storm was
approaching. During peak wave height, waves had a period of about 11 s (Figure 11B).
During Eta, high storm waves approached the study area dominantly from the south and
southwest (Figure 12). Eta generated waves up to 10 times the average wave height for the study
area, and twice the average wave period. The southerly approaching wave drove a northward
flowing longshore current during the storm, which was also observed during the field
investigation directly after the storm when the waves were subsiding. The measured waves as
described above were used as the input conditions for the wave modeling.

Figure 10. Sustained storm surge during TS Eta. Blue line shows predicted water level and red
line shows measured water level. Surge levels were measured at NOAA Clearwater Beach Tide
Station.
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Figure 11.Wave conditions during Tropical Storm Eta measured by NOAA NDBC Station 42098,
about 30 km south of the study area. (A) Measured wave height. Peak wave height reached just
over 4m. (B) Measured wave period. Wave period during peak wave height was about 11 s.
Negative hours represent time before peak wave height. Positive hours represent time after peak
wave height.

29

Figure 12. Incident wave direction measured during storm by NOAA wave buoy 42098 at
Egmont channel entrance. Negative hours represent time before peak wave height. Positive
hours represent time after peak wave height. During peak wave height, waves were coming in
from southwest direction.

4.2 Modeled Nearshore Wave Field
Due to the rather complicated bathymetry associated with the broad headland and the
several ebb tidal deltas (Figure 7), wave conditions in the nearshore can vary significantly. The
nearshore wave conditions were obtained using the CMS-Wave model. The simulated wave field
during the peak storm condition (hour 0 in Figures 11 and 12) is shown in Figure 13. Substantial
alongshore variation of nearshore wave height can be observed. Figures 14 through 16 show
close up view of the wave height along different sections of the study area. Note that there are
different wave height scales in the different figures, as to best visually represent the longshore
variations in significant wave height.
The entire simulated wave field during peak storm conditions is shown in Figure 13. The
longshore variations in wave height throughout the entire study area can be observed by the
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variation in colors. The highest nearshore waves are indicated by a slightly darker blue at
northern Sand Key and at the center of the headland located on Sand Key (Figure 13). The
southward trend in decreasing wave height is shown by the greenish blue and green colors at the
southern portion of the study area (Figure 13).

Figure 13. Significant wave height at peak storm conditions. Purple color represents the highest
waves (3m or higher), while red represents the lowest waves. This image captured from the
CMS-WAVE model shows the entire study area. The black square indicates the location of the
NOAA wave gauge is.
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A close-up view of the wave field along Sand Key is shown in Figure 14. Note that the
colors representing wave height in this figure are different from the previous figure. The
maximum wave height shown in Figure 8 is 2.8 m, so that contrasting wave heights are more
noticeable. Figure 14 shows the effect of bathymetry on wave height, with lower wave heights
(shown in green) over shallower areas. The southward decreasing wave height trend is apparent.
Wave height in the nearshore area at the north end of Sand Key and at the headland is around 2.4
m. Nearshore wave height is higher at the headland. The nearshore wave height is around 1.5 m
at the southern end of Sand Key

Figure 14. Significant wave height at peak storm conditions. Blue color represents the highest
waves (2.8m or higher), while red represents the lowest waves. This image captured from the
CMS-WAVE model shows the protruding headland at Sand Key.
The wave height at Treasure Island, Long Key, and the tidal inlets in between these islands is
shown in Figure 15. The wave height here is generally lower than at Sand Key. Shallower areas
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can be observed around the ebb tidal deltas. The wave height throughout this area is generally
about 1.5 m. It is about 1 m directly at the tidal inlets. The hook shaped Mullet Key is pictured in
Figure 16. The nearshore wave height at this location is the lowest in the study area due to
sheltering by the great Tampa Bay ebb tidal delta.

Figure 15. Significant wave height at peak storm conditions. Blue color represents the highest
waves (2.8m or higher), while red represents the lowest waves. This image captured from the
CMS-WAVE model shows Long Key and Treasure Island, and John’s Pass, Blind Pass, and
Pass-A-Grille inlets.
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Figure 16. Significant wave height at peak storm conditions. Blue color represents the highest
waves (2.8m or higher), while red represents the lowest waves. This image captured from the
CMS-WAVE model shows Long Key and Treasure Island, and John’s Pass, Blind Pass, and
Pass-A-Grille inlets. as well as Mullet Key and Egmont Channel.

With the purpose of quantitively assessing wave height variations throughout the study
area, breaking wave height values during peak storm conditions were extracted from the model
at 38 profile locations (Figure 17). The profile locations were selected to be representative of the
profiles close by. The breaking wave height values at the 38 locations were plotted to show
spatial variations going from north to south throughout the barrier islands (Figure 18). These
values are used in the SEI calculations discussed later in this thesis. Note that Figure 17 does not
show wave heights at peak storm conditions, the purpose of this figure is to show the locations of
some of the selected profiles where breaking wave height values were extracted from.
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Figure 17. The representative 38 locations from which breaking wave height was selected are
marked by black dots. Every fifth profile location is labeled to show approximate location of the
points.

Nearshore breaking wave height values at the 38 selected profile locations, extracted
from CMS-WAVE, are plotted in Figure 18. From left to right, the figure shows breaking wave
heights along the study area from north to south. Starting at the left of the plot, profiles R61 and
R64 are located at the erosional hotspot at northern Sand Key, where breaking waves are 1.7 m
high. Breaking wave height increases through profiles R68 and R73, and reaching the highest
value of almost 2 m at profile R 75. This rise in values shows the breaking wave heights
increasing as they approach the headland. In the same way, breaking wave heights decrease as
they move away from the headland. Profiles R78 to R109 show a mostly decreasing trend, with a
wave height of approximately 1.3 m at R109. Profiles R112 to R163, which span southern Sand
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Key through Long Key, show variations in breaking wave heights, ranging from 1.3 m to 1.6 m
(Figure 14). Breaking wave heights are significantly lower at Mullet Key, shown by the
continuous decrease from profiles FD21 to FD28. The lowest breaking wave height is 0.8 m at
FD28.

Figure 18. Breaking wave height values during peak storm conditions plotted to show spatial
variations going from north to south. Notice the highest value of approximately 2m at the
headland, and the southward decreasing trend in wave height. Breaking wave height values are
lowest at Mullet Key.
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4.3 Beach Changes Induced by TS Eta
The following sections present observed and measured beach changes caused by Tropical
Storm Eta. First, post-storm field observations are discussed in section 4.3.1. Then quantitative
beach changes as depicted from the pre- and post-storm profiles are described in section 4.3.2.
Finally, measured volume changes along the barrier islands are discussed in section 4.3.3.
4.3.1 Post Storm Field Observations
A field inspection was conducted on the day after Tropical Storm Eta, to document the
visible effects of the storm along the beach with photographs. The most commonly observed
changes in the field were dune scarping. Along sections where pre-storm beach was narrow,
infrastructures landward suffered some minor damages.
Dune scarping at the dune toe is shown in Figure 19. Erosion of the toe of dunes such as
this occurred throughout most of the study area. Overtopping of the seawall, causing flooding
and accumulation of sediment in the walkway is shown in Figure 20. Such overtopping occurred
at several locations, causing sediment to accumulate in people’s yards and pools, as well as in
parking lots and garages. Exposed riprap along seawalls is shown in Figure 21, at northern Sand
Key. At this location, enough sediment was eroded to expose the seawall and riprap through
scouring. The beach also narrowed at this location due to sediment loss. It can also be observed
that water levels reached and impacted the yard over the seawall, which is slightly damaged
(Figure 21).
The effects of scouring in front of a seawall are shown again in Figure 22, located in
Treasure Island. The amount of sand eroded is noticeable, due to marks on the wall showing
previous level up to which the sand reached. Minor property damaged occurred at this location,
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evidenced by the missing wooden stairway. Flooding of the beach is also visible (Figure 22).
Overwash over low dunes is shown in Figure 23. This section of the beach at Long Key was
narrow before the storm with low dunes. The impact on the vegetation is noticeable. Minor
property damage and scarping is shown in Figure 24, located on Treasure Island. The pre-storm
beach elevation is noticeable by looking at the line on the wooden stilts under the stairs. Dune
erosion and scarping occurred under the deck, causing minor property damage (Figure 24).
Based on the Sallenger (2000) impact scale, the impact of TS Eta was mostly swash
regime, as is the case in all the figures bellow (Figure 19 to 24). Mild collision regime occurred
at some areas, eroding parts of the dunes, causing dune scarping (Figure 19). Although dune
scarp occurred at quite some locations, dune erosion in terms of sand loss is rather mild as
discussed in the following. Overwash regime also occurred at some portions of the study area
shown in Figure 19 and Figure 23.

Figure 19. Dune scarping along the dune area. Scarping of the dune toe was observed along
most of the dune area throughout the barrier islands. Localized and mild collision regime.
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Figure 20. Overtopping of the seawall at southern Sand Key. Sand was eroded and transported
into yards, pools, and garages during the storm. Localized and mild overwash regime
(Sallenger, 2000).

Figure 21. Riprap exposed by scouring in front of seawall in north Sand Key. This section was
not nourished.
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Figure 22. Scouring in front of seawall at Sand Key.

Figure 23. Overwash over low dunes at south Long Key. Localized and mild overwash regime.
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Figure 24. Dune scarping and minor property damage.

4.3.2 Measured Beach Profile Changes
The following is an overview of general profile changes that occurred throughout the
study area as a result of Tropical Storm Eta. Selected profiles are presented to illustrate
characteristic profile changes which are described from landward to seaward.
Profile 68 is used as an example illustrating a generalized pattern of erosion and
deposition caused by the storm (Figure 25). At profile R68, the approximately 6 m wide dune
was slightly eroded. The 20-m wide dry beach was considerably eroded. There was no distinctive
nearshore sandbar present in the pre-storm profile. The nearshore area was substantially eroded,
from 25 m to 65 m seaward (Figure 25). A nearshore sandbar formed from 70 m to 117 m
seaward. It is apparent in Figure 25 that a similar amount of sand was eroded from the dry beach
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and nearshore area and accreted in the nearshore bar. The formation or migration of a sandbar
through this process occurred along a large portion of the study area.
Profile R151, shown in Figure 26, shows berm overwash on wide pre-storm beach, or the
formation of a storm berm. Profile R151 is located at a very wide section of the beach, with no
dune area. The dry beach is over 100 m wide. Little change occurred at the landward 60 m of the
beach. There is a large storm berm in both pre-storm and post-storm profiles at roughly 90 m
seaward. Overwash was deposited over and landward of the pre-storm storm berm from 60 m to
90 m.
Profile R75 is illustrated here as an example of dune scarping (Figure 27). This area of
the beach is of medium width and is located at an erosional hot spot in northern Sand Key, north
of the headland. A significant part of the beach and the nearshore area were eroded and deposited
further offshore in the form of a sand bar. Scarping at the toe of dunes occurred along most of
this area. Profile R75 is a representative case of what happened along most of the beaches
(Figure 27).
Profile R139 shows an example of a narrow pre-storm beach with dune erosion and
scarping. The pre-storm dune at this profile is about 15 m wide and the pre-storm dry beach is
about 20 m wide (Figure 28). The dune and dry beach backed by a seawall here are severely
eroded, as well as the nearshore area reaching 52 m seaward. A small nearshore bar formed in
this area (Figure 28). Expensive erosion in the form of beach-beach elevation loss occurred at
most narrow portions of the beach such as this profile.
Profile FD25 from Mullet Key is shown in Figure 29 as an example of a section of the
beach that suffered minor changes post Eta. There is an extensive dune area, although with rather
low elevation, at this profile, spanning about 60 m. A very small portion of the dune area was

42

eroded at around 40 m seaward. The dry beach at this profile extended to about 100 m (Figure
29). Some erosion occurred from 96 m seaward to the nearshore area at about 147 m from the
survey benchmark, eroding what used to be a berm. A small overwash was deposited landward
of where the pre-storm berm was, forming a new smaller storm berm. Very little change
occurred in the offshore area (Figure 29).

Figure 25. Profile R68 is shown in this figure to illustrate the erosion and deposition pattern that
occurred along most of the study area as a result of the storm. Sand was eroded along the dry
beach and nearshore area and accreted in a nearshore sand bar.
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Figure 26. Profile R151 shows a wide section of the beach with storm overwash over the storm
berm.

Figure 27. Profile R75 provides an example of dune scarping, shown within the yellow box . This
profile is located in northern Sand Key.
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Figure 28. Beach profile R139 is shown. This is a narrow portion of the beach where shoreline
was lost. Scouring occurred in front of the seawall here as well.

Figure 29. Profile FD25 is shown as an example of a beach profile with little post-storm
changes.
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4.3.3 Measured Changes in Beach Volume
Sand volume lost and gained during the impact of Eta along Sand Key, Long Key, and
Treasure Island is shown in Figures 30, 31, and 32. These figures illustrate volume changes in
the longshore, from north to south at each barrier island. Profile-volume change were calculated
for each profile using RMAP to quantify the volume changes between pre- and post-storm
profiles at the different beach zone contours. `
Sand Key, the longest island studied, lost a total of almost 35,000 m3 of sand in the dune
field, in addition to 238,200 m3 of sand from the dry beach (Table 1). The sediment eroded from
the dune, dry beach, and nearshore was a total of 434,500 m3. The dry beach area lost the most
sediment, comprising of 55% of total sediment loss. A total of 377,700 m3 of sand was gained in
a nearshore bar, mostly along the seaward slope, accounting for about 87% of eroded sediment
from dune-beach-nearshore. The highest rate of erosion at profile R83 is shown in Figure 30.
This profile is at the headland, where the highest rates of erosion throughout the whole study
area were measured. A pinching out pattern, demonstrating a decrease in erosion and deposition,
can be seen at the north end (R55) and south end (R123) of South Key (Figure 30). This is
probably due to the ebb tidal deltas at both ends of Sand Key.
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Figure 30. Post Eta sediment volume changes along Sand Key. Profile ID’s are shown going
from north to south. The green line represents overall sediment deposition, blue line represents
sediment lost above the dune line, the red line represents volume loss above the high-water level,
and the yellow line represents overall sediment erosion.
Along Treasure Island, a total of 9,500 m3 of sand was eroded above the dune line, and
60,000 m3 of sand was lost from the dry beach (Table 1, Figure 31). A total of 96,300 m3 sand
eroded from the dune, dry beach, and nearshore area. Most of the erosion occurred along the dry
beach (62%). A total of 78,200 m3 sand was gained in a nearshore bar, conserving 81% of the
sand eroded from the dune, dry beach, and nearshore. Shown in Figure 31, the most erosion on
Treasure Island occurred at R130, where the beach is very wide. The rates of sediment loss along
Treasure Island are slightly less than at Sand Key (Table 1). At the north end (JP1) of Treasure
Island there is a sharp decrease in erosion and deposition, which is probably due to the protection
of the large and shallow John’s Pass ebb delta.
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Figure 31. Post Eta sediment volume changes along Treasure Island. Profile ID’s are shown
going from north to south. The green line represents overall sediment deposition, blue line
represents sediment lost above the dune line, the red line represents volume loss above the highwater level, and the yellow line represents overall sediment erosion.

Along Long Key, total of 1,700 m3 of sand was eroded from the dune field. A total of
61,300 m3 was lost from the dry beach (Table 1). In total, 77,600 m3 was eroded from the dune,
dry beach, and nearshore area combined. As with the previously discussed barrier islands, most
of the sand was lost from the dry beach (79%). Slightly more sand was deposited in the
nearshore bar than was eroded from the dune-beach-nearshore, with a total sand volume gain of
87,300 m3. This higher gain in sand volume shows sand transport southwards, despite southerly
winds during Eta. Relatively low erosion rates and barely any deposition occurred at the north
end (LK1B) and south end (R165) of Long Key (Figure 32).
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Figure 32. Post Eta sediment volume changes along Long Key. Profile ID’s are shown going
from north to south. The green line represents overall sediment deposition, blue line represents
sediment lost above the dune line, the red line represents volume loss above the high-water level,
and the yellow line represents overall sediment erosion.
Overall, a total of 608,300 m3 of sand was eroded from the dune field, the dry beach, and
the nearshore across Sand Key, Treasure Island, and Long Key. A total of 543,300 m3 of sand
was gained in the form of the nearshore bar, accounting for about 89% of the sand eroded.
Mullet Key is not included in Table 1 due to its proximity to the large Tampa Bay ebb delta.
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Location

Sand Key
Treasure
Island
Long Key

Table 1. Volume changes throughout study area.
Overall
Overall
Overall
Overall
Net Volume
Erosion
Deposition
Erosion
Erosion
Change
3
3
(m )
(m )
Above High
Above
Water Level Dune Line
(m3)
(m3)
434,387
377,686
238,217
34,909
-56,701
96,316
78,246
60,021
9,512
-18,070

Overall
Average
Volume
Loss
(m3/m)
20.5
18.7

77,612

12.0

87,340

61,309

1,701

-9,728

A large and highly 3-dimensional swash bar (Sandoval, 2015) existed at the northern end
of the Mullet Key, which has significant influence on the beach-profile changes. It is beyond the
scope of this thesis to examine beach changes in the close vicinity of tidal inlets. Thus, the beach
profiles located at northern Mullet Key were not included in the volume calculations. Volume
changes at seven beach profiles (from FD21 to FD27) located along the middle and southern
portion of Mullet Key are included in Figure 32. The longshore averaged volume loss above high
water level at these survey lines on Mullet Key is 4.3 m3/m (Cheng, 2020), which is considerably
smaller than the volume losses at the three barrier islands to the north. This is related to the
considerably lower incident wave along the coast of Mullet Key (Figure 16), due to the wave
sheltering by the large Tampa Bay ebb tidal delta for the southerly approaching waves, particularly
by the shallow channel margin linear bar along the Tampa Bay main entrance (Figure 6).
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Figure 32. Sediment volume change at selected profiles at Mullet Key.
The longshore averaged overall sand volume loss from the dune, beach and nearshore
exhibits a general southward decreasing trend, with the values at Sand Key, Treasure Island, Long
Key and Mullet Key being 20.5 m3/m, 18.7 m3/m,12.0 m3/m, and 4.7 m3/m, respectively (Table
1). The decreasing trend of overall volume loss is consistent with the decreasing trend of the
nearshore wave height along the study area (Figure 18). The highest overall volume loss occurs at
profile locations of R81 to R97 (Figure 30), around the abroad headland of the Sand Key and
directly to the south, where the nearshore wave is the highest. The overall volume gain mainly at
the seaward slope of longshore bar is roughly equal to the overall volume loss at the four barrier
islands. It is worth noting that for Sand Key the longshore distribution patterns of sand volume
loss and sand volume gain are not the same (Figure 30). The sand volume gain is skewed to the
south as compared to the sand volume loss. Similar trend is observed at Treasure Island although
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to a lesser extent. This southward skew of sand gain may be related to the southward decreasing
wave height, although the net longshore transport direction was towards the north driven by the
southerly approaching wave. This indicates that the transport gradient relates to morphology
change more directly than transport rate.
Generally, sand volume loss in the dune fields, i.e., above NAVD88 1.3 m, was mostly less
than 5 m3/m. The high storm waves superimposed on the elevated water level reached the toe of
dunes at various places and caused some dune erosion. However, the overall impact to the dune
field is not too significant due to the relatively low storm surge of slightly above 1 m during a neap
tide and a short storm duration. Overwash occurred at a few places on the back beach and in the
dune field.
The overall sediment eroded and accreted at each island is more or less equal, indicating
that there was little net sediment loss. Generally, this high conservation rate is due to most of the
sand eroded from the sand beach being deposited in the nearshore area. Throughout the study
area, most of the sand was eroded from the dry beach area, and less from the dunes. This is
reflected in the erosion and deposition values shown in Table 1. This is also observable in the
beach profiles discussed above. A decreasing trend in volume loss southward can be observed in
Table 1, by looking at the overall average volume loss along the four barrier islands. This
decrease in erosion is consistent with decrease in nearshore wave height along the study area.
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Chapter 5: Discussion
Having described the hydrodynamic conditions of Tropical Storm Eta and its
effects on the beach profiles and sand volume change throughout the study area, this chapter
discusses beach and storm factors affecting storm impact and to reproduce the measured
longshore variations using the SEI (Miller and Livermont, 2008). Section 5.1 discusses a beach
specific factor, i.e., beach width, controlling storm impact. Section 5.2 compares beach width
and volume loss analysis. Section 5.3 discusses SEI results and a sensitivity analysis.

5.1 Beach Specific Factors Controlling Storm Impact
Longshore variations in beach response were observed throughout the study area. In the
following, four representative types of beach response are discussed. These types are
differentiated by the width of the beach, the presence of a seawall, and the presence of a dune
field. The four representative types are as follows: 1) narrow pre-storm beach backed by a
seawall, 2) narrow pre-storm beach backed by a dune field, 3) medium pre-storm beach backed
by a dune field, and 4) very wide pre-storm beach with or without a dune. The beach width is
measured as the distance in between 0.3 m (the high-water level) and 1.3 m (the dune line)
contours. Each of these is discussed with two profiles used as examples to illustrate the beach
response in each case.
The narrow pre-storm beach backed by a seawall is between 10-20 meters wide. Profiles
R109 and R139 are used as examples in Figure 34. In the case of a narrow pre-storm beach backed
by a seawall, the narrow beach tends to be scoured by waves eroding sand as they hit against the
seawall. Eroded sand is deposited in the nearshore bar. Profile R109 (Figure 34A) had a pre-storm
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beach width of approximately 25 m. Severe scouring occurred along the exposed seawall, causing
the entire pre-storm dry beach to be eroded. Along sections with a narrow pre-storm beach, the
dune suffered significant erosion, resulting in the formation of a high dune scarp or landward
movement of the pre-storm scarp. Erosion caused a loss of height of about 0.5 m on the beach.
This sediment was redistributed across the beach, causing the beach to widen about 15 m. There
was no nearshore bar present in the pre-storm profile for R109, some sediment was eroded in the
nearshore area, creating a through and nearshore bar in the post-storm profile.
Profile R139 (Figure 34B) had a pre-storm profile width of about 35 m. Scouring exposing
a seawall occurred at this profile as well. All of the dry beach area above high-water line (0.3 m)
was eroded. The beach lost about 8 m in width at this location. At this location (Figure 34B), a
dune scarp existed before the storm. The scarp became higher and moved landward about 4 m due
to the erosion of the entire pre-storm dry beach and severe erosion in the nearshore. Similar to
profile R109, sediment was also eroded from the nearshore area and deposited in a nearshore sand
bar.
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Figure 34. Beach profiles R109 (A) and R139 (B) are examples of narrow pre-storm beach
backed by a seawall. Profile R132 (A) on Treasure Island and R151 (B) on Long Key. Profiles
shown were taken before and after Eta.
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The case of the narrow pre-storm beach backed by a dune field is illustrated in Figure 35
using profiles R163 and140 as examples. Similar to the previous case, the beach in this case is
from 10 m to 20 m wide. At profile R163, there was a wide dune which suffered some storm
damage. Some overwash is noticeable in the first 30 m or so of the dune field (Figure 35A). Sand
was eroded from the dune toe, from all of the dry beach, and from the seaward nearshore area.
This sand was accreted as a nearshore sandbar. The dry beach at this location is approximately
10 m wide.
At profile R140, only a narrow portion of the dune was surveyed (Figure 35B). The
surveyed dune at R140 was about 8 m wide. Most of it was eroded, leaving a dune scarp. The 12
m wide dry beach was also quite eroded, as well as the seaward nearshore area. A nearshore sand
bar is formed with the sediment eroded from the beach. In both R162 and R140, the beach is not
wide enough to offer protection to the dune behind it (Figure 35). The dune in profile R163
remained mostly unchanged.
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Figure 35. Profiles R163 and R140 are used here as examples for beach response in the case of
a narrow beach backed by a dune field.
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The medium width pre-storm beach backed by a dune is between 20 m to 30 m wide.
Profiles R84 and R117 are used as examples for this case, shown in Figure 36. Profile R84 is
located at the headland on Sand Key, where the highest wave heights were measured. The dry
beach, about 20 m wide, lost a great deal of sand (Figure 36A). The nearshore area was severely
eroded as well. A trough was formed by erosion and a sandbar formed seaward.
At profile R117, the surveyed dune area was 20 m wide, and the dry beach was 30 m
wide (Figure 36B). The dune area remained mostly unchanged at R117. Some of the dry beach
was eroded, with a ridge and runnel forming near the foreshore. There was a pre-storm nearshore
sandbar at this profile location, which was moved further seaward in the post-storm profile.
Profile R84 shows a considerable amount of erosion compared to other beach profiles of similar
beach width due to the highest breaking wave heights occurring at this location during peak
storm conditions. The medium-width pre-storm profile backed by dune generally tends to have
sand erode from the dry beach but not as much at the dune area.
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Figure 36. Beach profiles R84 (A) and R117 (B) are examples of medium pre-storm beach
backed by dunes. Profile R132 (A) on Treasure Island and R151 (B) on Long Key. Profiles
shown were taken before and after Eta.
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Profiles R132 and R151 are used as examples of a wide pre-storm beach with and
without a dune area (Figure 37). For this profile case, the beach is very wide in some cases
measuring over 200 m. The pre-storm profile for R132 is about 240 m wide. Overwash occurred
at about 180 m. Significant erosion occurred at the steep foreshore from about 200 m to 240 m.
Significant erosion also occurred in the nearshore area, with the sandbar moving about 30 m
seaward (Figure 37A).
The pre-storm beach width at Profile R151 is about 130 m wide (Figure 37B). Very little
erosion occurred in the first 60 m. Overwash was deposited over the pre-storm berm from 60 m
to about 90 m seaward. At about 100 m to 130 m erosion occurred in the foreshore area,
extending the shoreline about 10 m seaward due to the considerably gentler post-storm beach
profile (Figure 37B). The nearshore area was also significantly eroded, causing the nearshore
sandbar to move over 30 m seaward (Figure 37B).
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Figure 37. Profile R132 (A) on Treasure Island and R151 (B) on Long Key. Profiles shown were
taken before and after Eta. Example of storm response on a wide pre-storm beach with and
without a dune area.
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5.2 Beach Width and Percentage of Beach Volume Loss
The cases discussed in the previous section demonstrate how width of the beach has the
potential to influence storm response. By comparing the volume change results throughout the
beach with the percentage of beach lost, it is apparent that greater volume of eroded sand does
not necessarily mean greater percentage of beach loss. Wider beaches have more sediment
available to be eroded, which might result in large volumes of sediment loss, but represent a
small percentage of overall beach volume. An example of this is the wide pre-storm beach
profile location at R132, which experienced 35.5 m3/m of volume loss. Despite this high volume
of erosion, the percentage of dry beach volume loss was small (Figure 36). On the other hand,
the narrow pre-storm profile at R139 lost less sand volume, but nearly all of the narrow beach
was lost (Figure 33). The narrow pre-storm beach was often completely (or 100%) eroded,
leading to dune erosion and infrastructure damage landward, although the profile-volume loss as
calculated from the pre- and post-storm profiles can be small. These examples prove the efficacy
of beach nourishment as a coast protective measure. The wide beach as maintained through
beach nourishment acts as a buffer against incoming wave energy, creating protection for the
beach and dune area.
A statistically significant correlation between pre-storm beach width and beach volume
loss was identified (Figure 38). It is worth noting that the effect of pre-storm beach width on the
erosion volume, as illustrated in Figure 38, may influence the relationship between the erosion
volume and the SEI, as shown in Figure 39.
The dune field and infrastructure landward often suffered from the storm impact due to
lack of protection by the narrow pre-storm beach (e.g., Figure 34). Pre-storm beach width and
corresponding percentage of beach volume loss (the volume loss measured above the mean high
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tide line divided by the pre-storm dry beach volume, or sand volume above 0.3 m NAVD88) is
plotted in Figure 38B. It is qualitatively apparent that the wider pre-storm beach tends to be
associated with smaller percentage of volume loss. For example, when the pre-storm beach width
is over 40 m, on average about 36% of the dry beach-profile volume was lost at the studied profiles
(Figure 38). In comparison, for the narrow pre-storm beach profiles, considerably higher
percentage of volume loss could occur. For example, at the narrow beach with a pre-storm beach
width of 12 m at R139 on Treasure Island (Figure 33), about 130% of beach volume was lost
(Figure 38). It is worthy to note that the greater than 100% dry beach volume loss was caused by
the fact that a portion of the dune field was also eroded in addition to the complete erosion of the
dry beach above 0.3 m NAVD88. The greater than 100% of dry beach erosion occurred at several
profiles with pre-storm beach width less than 30 m (Figure 38). From a different perspective, the
protection offered by wide beach demonstrates the value of beach nourishment as a coastal
protection measure against storm impact. Future study may include the parameter of pre-storm
beach width in the SEI to further improve its accuracy in erosion prediction.
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Figure 38. Figure shows statistical analysis performed to determine validity of relationship
between beach width and beach volume loss. (A) Relationship between pre-storm beach width
(m) versus dry beach volume loss (m). (B) Relationship between pre-storm beach width (m) and
percentage of dry beach volume loss.
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5.3 Reproducing Measured Longshore Variations Using the SEI
The spatial distributions of overall erosion and the SEI are illustrated in Figure 39 at the
38 profile locations. Although not all the profile locations are included in this analysis, the overall
trend is represented by these profiles (Figure 17). Negative values indicate sediment erosion, thus
higher erosion rates are represented by lower numbers. Observing SEI and overall erosion rates
from north to south, or left to right in Figure 39, a relationship between these is noticeable. Peak
SEI, of almost 600, occurs at the erosional hotspot found at profile R75. Peak overall erosion of
about -45 m3/m is shown to occur just south of this, at the headland at R84 (Figure 39). SEI
decreases to 450 from profile R86 to R109, and overall erosion decreases from profiles R96 to
R109. SEI remains within the range of approximately 400 to 450 from profiles R109 to R163.
Overall erosion remains low at between -15 m3/m and a slight accretion of 5 m3/m at profiles R109
to R122. There is an increase in erosion at profile R132, with no increase in SEI. This is the very
wide beach profile shown in Figure 37. There is another smaller spike in overall erosion at R155.
South of this, all remaining profiles in Long Key and Mullet Key show decreasing SEI and erosion.
Overall, the calculated storm erosion index shows a general southward decreasing trend from the
profiles at northern Sand Key towards Mullet Key, while the corresponding overall erosion volume
also show a southward decreasing trend (Figure 38).
Although SEI captured the overall trend of change, some local variations were missed.
Volume sediment change and SEI are not always related due to the varying availability of sand in
beach profiles of different pre-storm widths. Wider sections of the beach provide more sand to be
eroded, regardless of the other factors affecting erosion. This accounts for the increased erosion at
profile R132, with no increase in SEI (Figure 38). Although beach width is included in the SEI

65

(Equation 1). It is calculated based on the Dean (1991) type of equilibrium beach profile, and does
not reflect the actual pre-storm beach width.
Beach nourishment, which has a spatial scale of 100s to 1000s of meters, is a common
beach protection strategy. It is valuable to investigate the potential of the Miller and Livermont
(2008) Storm Erosion Index (SEI) in identifying longshore variations of storm-induced beachdune erosion at a spatial scale of 100s of meters. The data collected by this study allows the
application of the SEI at a much finer spatial scale, as compared to the previous studies.
The resulting SEI in this study are different from SEI reported by Janssen et al. (2019) and
Lemke and Miller (2020) in previous studies. The SEI obtained by Lemke and Miller (2020) for
winter storms from 1980 to 2013 along the New Jersey coast are on the order of magnitude of
1,000’s while the SEI in this study is on the order of magnitude of 100’s. SEI measured by Janssen
et al (2019) along the northwestern Florida during Hurricane Michael present a wide range of
values due to varying storm wave height, surge, and duration throughout the study area. Both of
these studies used wave data extracted from offshore buoys, which are much higher than nearshore
wave height used in this study. Furthermore, Hurricane Michael was a category 5 hurricane with
much higher breaking wave heights and much higher storm surge than Tropical Storm Eta (Wang
el at., 2020). The wave field modeled with CMS-WAVE in this study provided high spatial
resolution of nearshore breaking wave heights. Wave heights from further offshore might result in
higher SEI due to higher wave heights. Without numerical wave modeling, nearshore wave-height
variation cannot be resolved.
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Figure 39. SEI and measured erosion rates at selected profile location. Location ID axis shows
locations going from north to south. The left vertical axis shows SEI values, and the right
vertical axis shows overall measured erosion (m3/m).
A statistically significant correlation exists between the measured longshore variations of
volume change and the calculated Storm Erosion Index (Figure 40). Thus, the SEI can predict
beach-profile erosion at high longshore spatial resolution that is applicable to beach nourishment
projects. It is worth noting the R2 value between the SEI and volume change (0.43) is greater than
the R2 between wave heights and volume change (0.34) (Figure 41). This indicates that by
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including more factors such as storm duration, berm height, and water level, the capability of SEI
in predicting storm erosion is improved.
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Figure 40. R squared values show correlation between calculated SEI values and measured portstorm sand volume change.

A sensitivity analysis of the variables used in the SEI equation was conducted to further
understand their role in contributing to the SEI value. It would be valuable to beach management,
particularly that associated with beach nourishment, if the Miller and Livermont (2008) Storm
Erosion Index (SEI) (Eq. 1) can be applied to reproduce the measured longshore variation of beachprofile changes at a finer spatial resolution than previously investigated (Janssen et al. 2009;
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Lemke and Miller 2020). Based on the SEI equation (Equation 2), the three variables used to
calculate SEI are breaking wave height (Hb), water level (S), and berm height (B). Based on the
modeled wave field, the breaking wave height (Hb) at the peak of the TS Eta has a longshore
variation ranging from 1.0 m to 2.3 m. The measured pre-storm beach profile demonstrates that
the berm height at the study area ranges from 0.8 m to 1.3 m; and the water level with respect to
mean sea level ranges from 0.4 m to 1.2 m. Three sensitivity tests were conducted including, 1)
with fixed water level (0.8 m) and fixed berm height (1 m), this test evaluates how the SEI would
respond to the changing breaking wave heights; 2) with fixed breaking wave height (1.3 m), and
fixed water level (0.8 m), this test investigates how the SEI would respond to changing berm
height, 3) with fixed breaking wave height (1.3 m) and berm height (1 m), this test examines how
the erosion index would respond to the changing water level.
The sensitivity tests suggest that the wave height and water level changes are playing more
significant roles in affecting the instantaneous erosional index values than that of berm height
(Figure 40A). The water level changes are mostly with respect to time. In other words, at the same
time, the water level, or storm surge, do not vary too much for a small study area like this one.
Thus, the most important spatial variable that causes longshore variation of SEI would be the
longshore variation of breaking wave height. A significant correlation exists between the longshore
variations of breaking wave height at the peak of TS Eta and the corresponding overall profile
volume changes (Figure 41B). This suggests the importance of accurately capturing the longshore
changes of breaking wave height for the application of the SEI to resolve spatial variations on the
order of several hundreds of meters.
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Figure 41. Sensitivity analysis on variables contributing to SEI.
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Chapter 6: Conclusions
Tropical Storm Eta impacted west central Florida Pinellas County beaches from November
11 to the 12. A relatively short storm, it generated high waves over elevated water levels for about
20 hours. Beach profiles before and after Eta were surveyed to study storm impact along the beach
along four barrier islands including Sand Key, Treasure Island, Long Key, and Mullet Key. Storm
waves over elevated water levels reached the toe of dunes and seawalls, causing erosion along the
coast, and overwash in some areas. Sediment was eroded from the dune, dry beach, and nearshore
along most of the study area. Most of this sediment was transported into a nearshore sandbar,
resulting in a roughly conserved sand volume above closure depth.
Nearshore wave modeling using CMS-WAVE numerical model showed a trend of
southward decreasing wave heights along the study area. This trend was also reflected in a
southward decrease in beach-volume loss. Overall, all four of the barrier islands studied suffered
dune, dry beach, and nearshore erosion, while a substantial amount of sand was gained over the
seaward slope of the nearshore bar. The volume of sand gained almost matches the volume of
sand eroded, indicating a high rate of sand conservation. The remaining sand that was not
conserved was likely deposited on the ebb shoals at the edges of the barrier islands.
Analysis conducted on Storm Erosion Index (SEI) variables, which demonstrated
significant wave height to be the most significant contributor to storm impact on the beach.
Beach width was also found to be a factor influencing storm impact. The wide pre-storm beach
provided protection to the beach and dune area from Tropical Storm Eta, supporting the efficacy
of beach nourishment as shore protective measures. Where the most sand was lost is not
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necessarily where the highest percentage of beach volume was lost. It could also mean that there
was more sediment available to lose in the first place, e.g., at wide pre-storm beach.
The Miller and Livermont (2008) SEI was used in this study to compare the SEI values
with measured longshore erosion rates. A significant correlation with a R2 value of 0.43 was
found between the calculated SEI and measured erosion. The effectiveness of the SEI in
predicting where the most and least erosion occurred along the shore is attributed to the
availability of high-resolution longshore wave height values provided by the CMS-WAVE
model. Sensitivity analysis was performed to determine the contribution of the variables used in
the SEI equation. Out of breaking wave height, water level, and berm height, the variable with
the most impact on SEI was found to be breaking wave height.
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Appendix I: Selected Beach Profiles

Figure A1. Pre- and post- storm beach profiles at profile location R61.
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Figure A2. Pre- and post- storm beach profiles at profile location R64.
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Figure A3. Pre- and post- storm beach profiles at profile location R68.
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Figure A4. Pre- and post- storm beach profiles at profile location R75.
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Figure A5. Pre- and post- storm beach profiles at profile location R84.
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Figure A6. Pre- and post- storm beach profiles at profile location R84.
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Figure A7. Pre- and post- storm beach profiles at profile location R90.
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Figure A8. Pre- and post- storm beach profiles at profile location R96.
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Figure A9. Pre- and post- storm beach profiles at profile location R105.
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Figure A10. Pre- and post- storm beach profiles at profile location R109.
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Figure A11. Pre- and post- storm beach profiles at profile location R112.
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Figure A12. Pre- and post- storm beach profiles at profile location R115.
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Figure A13. Pre- and post- storm beach profiles at profile location R117.
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Figure A14. Pre- and post- storm beach profiles at profile location R118.
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Figure A15. Pre- and post- storm beach profiles at profile location R119.
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Figure A16. Pre- and post- storm beach profiles at profile location R120.
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Figure A17. Pre- and post- storm beach profiles at profile location R121.
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Figure A18. Pre- and post- storm beach profiles at profile location R122.
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Figure A19. Pre- and post- storm beach profiles at profile location R131.
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Figure A20. Pre- and post- storm beach profiles at profile location R132.

98

Figure A21. Pre- and post- storm beach profiles at profile location R133.
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Figure A22. Pre- and post- storm beach profiles at profile location R139.
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Figure A23. Pre- and post- storm beach profiles at profile location R140.
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Figure A24. Pre- and post- storm beach profiles at profile location R141.
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Figure A25. Pre- and post- storm beach profiles at profile location R142.
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Figure A26. Pre- and post- storm beach profiles at profile location R148.
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Figure A27. Pre- and post- storm beach profiles at profile location R151.
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Figure A28. Pre- and post- storm beach profiles at profile location R155.
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Figure A29. Pre- and post- storm beach profiles at profile location R157.
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Figure A30. Pre- and post- storm beach profiles at profile location R160.
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Figure A31. Pre- and post- storm beach profiles at profile location R163.
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Figure A32. Pre- and post- storm beach profiles at profile location FD7.
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Figure A33. Pre- and post- storm beach profiles at profile location FD10.
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Figure A34. Pre- and post- storm beach profiles at profile location FD15.
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Figure A35. Pre- and post- storm beach profiles at profile location FD16.
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Figure A36. Pre- and post- storm beach profiles at profile location FD21.
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Figure A37. Pre- and post- storm beach profiles at profile location FD23.
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Figure A38. Pre- and post- storm beach profiles at profile location FD25.
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Figure A39. Pre- and post- storm beach profiles at profile location FD27.
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Figure A40. Pre- and post- storm beach profiles at profile location FD28.
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